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SWITCH BRIDGE CIRCUIT SO AS TO PRODUCE A FIRST OUTPUT
POWER SIGNAL ASSOCIATED WITH A FIRST OF A PLURALITY OF
TRANSFORMER SECONDARY WINDINGS MAGNETICALLY COUPLED TO
A PRIMARY WINDING COUPLED IN SERIES TO A PRIMARY CAPACITOR

1100

CONTROL SWITCHING FREQUENCY TO MAINTAIN FIRST OUTPUT

POWER SIGNAL AT PREDETERMINED LEVEL BY REDUCING FREQ.

1110 RESPONSIVE TO FALLING FIRST OUTPUT POWER SIGNAL AND

INCREASING FREQ. RESPONSIVE TO RISING FIRST OUTPUT POWER
SIGNAL

DECREASE IMPEDANCE PRESENTED TO SECOND SECONDARY
WINDING RESPONSIVE TO SWITCHING FREQUENCY INCREASE,
LEAKAGE INDUCTANCE OF SECOND SECONDARY WINDING AND
CAPACITANCE OF SECONDARY CAPACITANCE ELEMENT IN SERIES
BETWEEN SECOND SECONDARY WINDING AND SECOND OUTPUT, OPT.
RESONANT FREQ. OF INDUCTANCE AND CAPACITANCE > MAX.
RESONANT FREQ. > MIN. RESONANT FREQ. OF RESONANT MODE
CONTROLLER CONTROLLING SWITCHING FREQ.

1120

INCREASE IMPEDANCE OF SECOND OUTPUT RESPONSIVE TO
SWITCHING FREQ. DECREASE, LEAKAGE INDUCTANCE OF SECOND
SECONDARY WINDING AND CAPACITANCE OF SECONDARY
CAPACITOR

1130

ENABLE LED LUMINAIRE TO PROVIDE FIRST ILLUMINATION

1140 RESPONSIVE TO SECOND POWER SIGNAL ON SECOND OUTPUT

1150 REGULATE FIRST ILLUMINATION

(OPT.) REGULATE BY ALTERNATELY ENABLING FIRST LED LUMINAIRE
1160 TO PROVIDE FIRST ILLUMINATION AND DISABLING FIRST LED
LUMINAIRE TO NOT PROVIDE FIRST ILLUMINATION

(OPT.) ENABLE/ DISABLE OF FIRST LUMINAIRE SYNCHRONIZED WITH

170 BRIDGE SWITCHING

lTO STAGE 1180
FIG. 9A
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FROM STAGE 1170

(OPT.) SECOND POWER SIGNAL EXHIBITS ACTIVE PORTION
SUFFICIENT FOR FIRST ILLUMINATION AND INACTIVE PORTION
1180 INSUFFICIENT FOR ILLUMINATION, SYNCHRONIZATION COMPRISING
LEADING EDGE MODULATION SUCH THAT THE NOT ENABLED STATE

OF FIRST ILLUMINATION IN SYNC. WITH INACTIVE PORTION

(OPT.) SYNCHRONIZATION COMPRISING FALLING EDGE MODULATION
1190 SUCH THAT THE ENABLING OF FIRST ILLUMINATION IN SYNC. WITH
INACTIVE PORTION

(OPT.) ALTERNATELY ENABLE AND NOT ENABLE SECOND LED
1200 |LUMINAIRE IN PARALLEL WITH FIRST LUMINAIRE TO PROVIDE SECOND
ILLUMINATION, ENABLED RESPONSIVE TO SECOND POWER SIGNAL

(OPT.) ENABLE/ NOT ENABLE OF FIRST LUMINAIRE SYNCHRONIZED
WITH LEADING EDGE MODULATION, ENABLE/ NOT ENABLE OF SECOND
1210 LUMINAIRE SYNCHRONIZED WITH FALLING EDGE MODULATION SUCH
THAT ENABLING OF SECOND ILLUMINATION IN SYNC. WITH INACTIVE

PORTION

(OPT.) IDENTIFY ONE OF PLURALITY OF LED LUMINAIRES AS FIRST
LUMINAIRE TO BE SYNCHRONIZED WITH LEADING EDGE MODULATION
1220 AND ANOTHER AS SECOND LUMINAIRE TO BE SYNCHRONIZED WITH
FALLING EDGE MODULATION, RESPONSIVE TO ELECTRICAL

CHARACTERISTIC OF FIRST AND SECOND LULMINAIRES

FIG. 9B
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SWITCH PRIMARY SIDE SWITCH SO AS TO PRODUCE A FIRST OUTPUT
POWER SIGNAL ASSOCIATED WITH A FIRST OF A PLURALITY OF

1300 TRANSFORMER SECONDARY WINDINGS MAGNETICALLY COUPLED TO
A PRIMARY WINDING
1305 ADJUST DUTY CYCLE OF SWITCHING TO MAINTAIN THE FIRST QUTPUT
POWER SIGNAL AT PREDETERMINED LEVEL
1310 ALTERNATELY OPEN AND CLOSE FIRST SECONDARY
ELECTRONICALLY CONTROLLED SWITCH

RESPONSIVE TO A CLOSED STATE OF THE FIRST SECONDARY
SWITCH, AND A SECOND POWER SIGNAL ON THE SECOND OUTPUT
ASSOCIATED WITH THE SECOND SECONDARY WINDING, ENABLE
1320 FIRST LED LUMINAIRE TO PROVIDE FIRST ILLUMINATION, SECOND
POWER SIGNAL OPT. EXHIBITS ACTIVE PORTION SUFFICIENT TO
PROVIDE ILLUMINATION AND INACTIVE PORTION INSUFFICIENT TO
PROVIDE ILLUMINATION

RESPONSIVE TO OPEN STATE OF THE FIRST SECONDARY SWITCH,

1330 DISABLE FIRST LED LUMINAIRE TO NOT PROVIDE FIRST ILLUMINATION

TURNS RATIO OF FIRST AND SECOND SECONDARY WINDINGS SUCH
1340 THAT POWER DELIVERED TO FIRST OUTPUT ONLY WHEN FIRST
ILLUMINATION NOT PROVIDED

(OPT.) ENABLE/ DISABLE OF FIRST ILLUMINATION SYNCHRONIZED
WITH ONE OF FALLING AND LEADING EDGE MODULATION SUCH THAT
SWITCHING OF FIRST SECONDARY SWITCH TO ONE OF THE STATES IN
SYNC. WITH SECOND POWER SIGNAL INACTIVE PORTION

1350

TO STAGE 1360

FIG. 10A
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FROM STAGE 1350

4
(OPT. ) ALTERNATELY OPEN AND CLOSE SECOND SECONDARY

1360 ELECTRONICALLY CONTROLLED SWITCH
(OPT.) RESPONSIVE TO CLOSED STATE OF SECOND SECONDARY
1370 SWITCH, AND SECOND POWER SIGNAL, ENABLE SECOND LED

LUMINAIRE, COUPLED IN PARALLEL TO FIRST LED LUMINAIRE TO
PROVIDE SECOND ILLUMINATION

(OPT.) RESPONSIVE TO OPEN STATE OF SECOND SECONDARY
1380 | SWITCH, DISABLE SECOND LED LUMINAIRE TO NOT PROVIDE SECOND
ILLUMINATION

(OPT.) ENABLE/ DISABLE OF SECOND ILLUMINATION SYNCHRONIZED
WITH ONE OF FALLING AND LEADING EDGE MODULATION SUCH THAT
SWITCHING OF SECOND SECONDARY SWITCH TO ONE OF THE STATES
IN SYNC. WITH SECOND POWER SIGNAL INACTIVE PORTION

1390

(OPT.) TURNS RATIO OF FIRST AND SECOND SECONDARY WINDINGS
1400 SUCH THAT POWER DELIVERED TO FIRST OUTPUT ONLY WHEN
NEITHER OF FIRST AND SECOND ILLUMINATION PROVIDED

FIG. 10B
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1
LED LUMINAIRE DRIVING CIRCUIT AND
METHOD

TECHNICAL FIELD

The present invention relates to the field of light emitting
diode (LED) drivers, and in particular to an arrangement
wherein a single secondary winding is utilized to provide
both a fixed output and drive for at least one LED based
luminaire.

BACKGROUND OF THE INVENTION

LED based luminaires are rapidly replacing both incan-
descent and fluorescent luminaires for both general lighting
and backlighting applications. In large liquid crystal based
monitors, and in large solid state lighting applications, such
as street lighting and signage, typically the LEDs are sup-
plied in one or more strings of serially connected LEDs,
which thus share a common current. A plurality of parallel
strings may also be supplied.

The power supply which is to drive the LEDs preferably
also supplies power to the operating circuitry of the device,
thus reducing cost. Typically a single power supply com-
prising a power transformer with a plurality of secondary
windings is utilized, the primary stage of which is controlled
by a feedback circuit to provide a fixed direct current (DC)
voltage for the operating circuitry of the device through a
particular one of the secondary windings.

A resonant converter is a switching converter that com-
prises a tank circuit actively participating in determining
input to output power flow. Power flow in a resonant
converter is typically controlled either by changing the
switching frequency, or the duty cycle, or both. In one
embodiment two reactive elements, i.e. a capacitor and an
inductor form the tank circuit, and such a resonant inverter
is known as an L.C inverter. A resonant converter comprises
a resonant inverter, which has a switching network and a
resonant tank circuit, and a rectifier circuit.

A resonant converter having two inductive elements, and
a single capacitor in the tank circuit, where one of the
inductive elements is arranged in parallel with the load, and
another inductive element is in series with the load and the
capacitor, is known as an LL.C converter. Advantageously,
an LLC converter exhibits a pair of resonant peaks, each
associated with a particular one of the inductors. When
properly designed, an LLC converter can be simply con-
trolled by adjusting the frequency responsive to an output
feedback, as long as the operating frequency is kept between
the two resonant peak frequencies. Typically, a drop in
output is compensated for by decreasing the operating
frequency, and an increase in output is compensated for by
increasing the operating frequency.

In a typical embodiment, the two inductors are imple-
mented in an integrated transformer having a leakage induc-
tance where the inductance of the primary winding acts as
the parallel inductive element and the leakage inductance
acts as the series inductive element. The transformer further
enables scaling of the design output voltage based on the
turns ratio of the primary and secondary windings of the
integrated transformer.

In order to reduce cost, it is desired to have a single
converter provide drive for both the LEDs and for the
operating circuits of the device. Since the voltage for the
operating circuits of the device must be well regulated, the
LED drive voltage is not well regulated. One solution of a
circuit 10 for driving at least one LED luminaire offered by
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2

the prior art is illustrated in FIG. 1. Circuit 10 comprises: a
power source 20; a resonant mode controller 30, optionally
comprising an LL.C controller; a converter 40 comprising a
bridge circuit 50, a primary side capacitance element CP and
a transformer 60; a pair of unidirectional electronic valves
D1; a unidirectional electronic valve D2; an inductance
element 70; a capacitance element C1; a capacitance ele-
ment C2; an electronically controlled switch SS; a plurality
of LED luminaires, denoted respectively .1, [.2 and L3; a
plurality of electronically controlled switches SL; a plurality
of sense resistive elements RS; an LED controller 80; a pair
of unidirectional electronic valves D3; a voltage divider 110;
and a reference voltage source 120. Bridge circuit 50 com-
prises a pair of electronically controlled switches, denoted
respectively SB1 and SB2. Transformer 60 comprises: a
primary winding 130; and a plurality of secondary windings,
denoted respectively 140, 150 and 160.

In one embodiment, primary side capacitance element CP,
capacitance element C1 and capacitance element C2 are
each implemented as a capacitor, and are described herein as
such. In another embodiment, unidirectional electronic
valves D1, D2 and D3 are each implemented as a diode, and
are described herein as such. In one embodiment, inductance
element 70 is implemented as an inductor, and is described
herein as such. In another embodiment, each sense resistive
element RS is implemented as a resistor, and is described
herein as such. In one embodiment, electronically controlled
switches SB1, SB2, SS and SL are each implemented as an
n-channel metal-oxide-semiconductor field-effect-transistor
(NFET), and are described herein as such.

The output of power source 20 is coupled to the drain of
NFET SB1 and the return of power source 20 is coupled to
the source of NFET SB2. The gates of NFETs SB1, SB2 are
each coupled to a respective output of resonant mode
controller 30. The source of NFET SB1 is coupled to the
drain of NFET SB2 and a first end of primary side capacitor
CP. A second end of primary side capacitor CP is coupled to
a first end of primary winding 130 of transformer 60 of
converter 40. A second end of primary winding 130 is
coupled to the return of power source 20. A first and second
end of secondary winding 140 of transformer 60 are each
coupled to the anode of a respective one of pair of diodes D1
and the center tap of secondary winding 140 is coupled to a
common potential.

The cathodes of diodes D1 are each coupled to a first end
of inductor 70 and to a first end of capacitor C1. The second
end of capacitor C1 is coupled to the common potential. The
second end of inductor 70 is coupled to the drain of NFET
SS and the anode of diode D2. The source of NFET SS is
coupled to the common potential and the gate of NFET SS
is coupled to an output of LED controller 80. The cathode of
diode D2 is coupled to a first end of capacitor C2 and the
anode end of each of LED luminaires L1, L2, L3. The
second end of capacitor C2 is coupled to the common
potential. The cathode end of each of LED luminaires is
coupled to the drain of a respective NFET SL and to a
respective input of LED controller 80. The source of each
NFET SL is coupled to a first end of a respective sense
resistor RS and a respective input of LED controller 80. The
second end of each sense resistor RS is coupled to the
common potential and the gate of each NFET SL is coupled
to a respective output of LED controller 80.

Secondary winding 150 is coupled to a respective load
(not shown). Each end of secondary winding 160 is coupled
to the anode of a respective diode D3 and the center tap of
second winding 160 is coupled to the common potential. The
cathode of each diode D3 is coupled to a load (not shown)
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and a first end of voltage divider 110. A second end of
voltage divider 110 is coupled to the common potential and
a division junction of voltage divider 110 is coupled to a
respective input of resonant mode controller 30. The output
of reference voltage source 120 is coupled to a respective
input of resonant mode controller 30 and the return of
reference voltage source 120 is coupled to the common
potential.

In operation, resonant mode controller 30 is arranged to
alternately open and close NFETs SB1 and SB2 such that
primary winding 130 is charged when NFET SB1 is closed
and discharged when NFET SB2 is closed. Resonant mode
controller 30 typically operates at a fixed duty cycle of near
50%, with a variable frequency, as will be described further.
The power supplied to transformer 60 is controlled via
secondary winding 160 and voltage divider 110. Particularly,
when NFET SB1 is closed and primary winding 130 is
charging, power is output from secondary winding 160 via
a first diode D3. When NFET SB2 is closed and primary
winding 130 is discharging, power is output from secondary
winding 160 via the second diode D3. The rectified voltage
at the cathodes of diodes D3 is supplied to the load and is
additionally divided by voltage divider 110. The divided
voltage is compared to the reference voltage output by
reference voltage source 120. In the event that the divided
voltage is higher than the output of reference voltage source
120, resonant mode controller 30 is arranged to increase the
switching frequency of bridge circuit 50 thereby reducing
the amount of power supplied to secondary winding 160. In
the event that the divided voltage is lower than the output of
voltage source 120, resonant mode controller 30 is arranged
to reduce the switching frequency of bridge circuit 50
thereby increasing the amount of power supplied to second-
ary winding 160.

Secondary winding 140 is similarly influenced by the
control of resonant mode controller 30. Since the voltage
across secondary winding 140 is not independently con-
trolled, the voltage appearing across capacitor C2 needs to
be controlled so as to provide an appropriate operating
voltage for LED luminaires [.1, 1.2, 1.3. The operation of
inductor 70, NFET SS and diode D2 act as a boost converter
to increase the output voltage of secondary winding 140,
stored across capacitor C1. Particularly, when NFET SS is
closed, inductor 70 is charged by secondary winding 140.
When NFET SS is open, capacitor C2 is charged and LED
luminaires L1, [.2, 1.3 are powered by the combination of the
power supplied by secondary winding 140 and the power
stored on inductor 70. LED luminaires .1, L2, L3 are thus
powered at a voltage greater than the voltage provided by
secondary winding 140. LED controller 80 is arranged to
detect the voltage at the cathode end of each LED luminaire
L1, L2, .3 and compare the detected voltages to a prede-
termined reference voltage. In the event that one or more of
the detected voltages are lower than the predetermined
reference voltage, i.e. the voltage across capacitor C2 is less
than the optimal operating voltages of at least one of LED
luminaires [.1, L2, 1.3, LED controller 80 is arranged to
increase the duty cycle of the boost converter, i.e. increase
the percentage of time that NFET SS is closed. The voltage
across capacitor C2 thus increases.

The current flowing through each of LED luminaires L1,
L2, L3 generates a voltage across the respective sense
resistor RS, which is detected by LED controller 80. In one
embodiment, LED controller 80 is arranged to adjust the
pulse width modulation (PWM) duty cycle of each NFET SL,
to control the current flowing through each LED luminaire
L1, L2, L3. In another embodiment, LED controller 80 is

5

10

15

20

25

30

35

40

45

50

55

60

65

4

arranged to adjust the gate voltage of each NFET SL to
thereby adjust the current flowing through the respective one
of LED luminaires L1, 1.2, 1.3, by increasing the effective
voltage drop across the respective NFET SL. Any excess
power is dissipated across the NFET SL. LED controller 80
may be a single unit controlling both NFET SS and the
respective NFET SLs, or may be separate control units
without exceeding the scope.

Another solution of a circuit 200 for driving at least one
LED luminaire offered by the prior art is illustrated in FIG.
2. Circuit 200 comprises: power source 20; resonant mode
controller 30; converter 40 comprising bridge circuit 50,
primary side capacitor CP and transformer 60; capacitor C1;
diode D2; inductor 70; capacitor C2; LED luminaire [.1;
NFET SL; sense resistor RS; LED controller 80; voltage
divider 110; reference voltage source 120; and a pair of
rectifier bridges, denoted respectively 210 and 220. A single
LED luminaire is illustrated, however this is not meant to be
limiting in any way and any number of LED luminaires may
be provided. Bridge circuit 50 comprises NFETs SB1 and
SB2. Transformer 60 comprises: primary winding 130; and
plurality of secondary windings 140, 150 and 160. In one
embodiment, rectifier bridges 210 and 220 are each imple-
mented as a diode bridge, and are described herein as such.

The output of power source 20 is coupled to the drain of
NFET SB1 and the return of power source 20 is coupled to
the source of NFET SB2. The gates of NFETs SB1, SB2 are
each coupled to a respective output of resonant mode
controller 30. The source of NFET SB1 is coupled to the
drain of NFET SB2 and a first end of primary side capacitor
CP. A second end of primary side capacitor CP is coupled to
a first end of primary winding 130 of transformer 60 of
converter 40. A second end of primary winding 130 is
coupled to the return of power source 20.

Each end of secondary winding 140 of transformer 60 is
coupled to a respective input of diode bridge 210 and the
return of diode bridge 210 is coupled to a common potential.
The output of diode bridge 210 is coupled to a first end of
capacitor C1, the cathode of diode D2 and a first end of
inductor 70. The second end of capacitor C1 is coupled to
the common potential. The second end of inductor 70 is
coupled to a first end of capacitor C2 and the anode end of
LED luminaire L.1. The second end of capacitor C2 is
coupled to the anode of diode D2, the cathode end of LED
luminaire .1 and the drain of NFET SL. The source of
NFET SL is coupled to a first end of sense resistor RS and
an input of LED controller 80. The second end of sense
resistor RS is coupled to the common potential and the gate
of NFET SL is coupled to an output of LED controller 80.

Secondary winding 150 is coupled to a respective load
(not shown), or alternatively not provided. Each end of
second winding 160 is coupled to a respective input of diode
bridge 220 and the return of diode bridge 220 is coupled to
the common potential. The output of diode bridge 220 is
coupled to a load (not shown) and a first end of voltage
divider 110. A second end of voltage divider 110 is coupled
to the common potential and a division junction of voltage
divider 110 is coupled to a respective input of resonant mode
controller 30. The output of reference voltage source 120 is
coupled to a respective input of resonant mode controller 30
and the return of reference voltage source 120 is coupled to
the common potential.

In operation, resonant mode controller 30 is arranged to
alternately open and close NFETs SB1 and SB2, typically at
a predetermined duty cycle near 50%. Primary winding 130
is charged when NFET SB1 is closed and discharged when
NFET SB2 is closed. The voltage output across diode bridge



US 9,491,815 B2

5

200 is controlled by resonant mode controller 30, as
described above. Particularly, the voltage across secondary
winding 160, rectified by diode bridge 220, is supplied to the
load, typically across an output capacitor (not shown) and is
additionally divided by voltage divider 110. The divided
voltage is compared to the voltage output by reference
voltage source 120. In the event that the divided voltage is
higher than the output of reference voltage source 120,
resonant mode controller 30 is arranged to increase the
switching frequency of bridge circuit 50 thereby reducing
the amount of power supplied to secondary winding 160. In
the event that the divided voltage is lower than the output of
voltage source 120, resonant mode controller 30 is arranged
to reduce the switching frequency of bridge circuit 50
thereby increasing the amount of power supplied to second-
ary winding 160.

The output by secondary winding 140 is similarly
impacted by the operation of resonance mode controller 30,
and thus the voltage across capacitor C1 changes responsive
to changes in the load of secondary winding 160. The
operation of inductor 70, diode D2 and NFET SL act as a
buck converter to reduce the output voltage of secondary
winding 140, stored across capacitor C1 to the appropriate
voltage for LED luminaire L1. Particularly, when NFET SL,
is closed, power is provided to LED luminaire L1 by
secondary winding 140 and inductor 70 is charged by
secondary winding 140. When NFET SL is open, LED
luminaire L1 is powered by the power stored on inductor 70.
LED luminaire L1 is thus powered at a voltage less than the
voltage provided by secondary winding 140 responsive to
the duty cycle of NFET SL as controlled by LED controller
80.

The current flowing through LED luminaire [.1 generates
a voltage across the respective sense resistor RS, which is
detected by LED controller 80. LED controller 80 is
arranged to adjust the pulse width modulation (PWM) duty
cycle of NFET SL to control the current flowing through
LED luminaire 1. Additionally, the PWM adjustment of
NFET SL adjusts the duty cycle of the buck converter of
inductor 70, diode D2 and NFET SL, thus adjusting the
voltage provided to LED luminaire [.1 accordingly.

Advantageously, a resonant LED luminaire driving cir-
cuit, such as the above described LLC converter circuits 10
and 200, automatically provides for zero voltage switching
for the LLC switching elements. However, the above con-
verter circuits 10, 200 require an additional inductor 70.
Additionally, NFETs SS and SL are operated in hard switch-
ing mode. What is desired, and not provided by the prior art,
is an integrated converter which provides both a regulated
voltage for use by operating circuits, and a regulated LED
drive voltage, without requiring the additional inductors,
dissipative regulators, or hard switching of the prior art.

SUMMARY OF THE INVENTION

Accordingly, it is a principal object of the present inven-
tion to overcome at least some of the disadvantages of the
prior art. This is provided in one embodiment by a first
circuit for driving at least one light emitting diode (LED)
luminaire, the circuit comprising: a resonant mode control-
ler; a converter comprising a transformer having a primary
winding and a plurality of secondary windings each mag-
netically coupled to the primary winding, a bridge circuit
arranged to switch responsive to the resonant mode control-
ler, and a primary side capacitor coupled to the primary
winding; a first output associated with a first of the plurality
of secondary windings, the resonant mode controller
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arranged to adjust the switching frequency of the bridge
circuit so as to maintain the first output at a predetermined
level; a second output associated with a second of the
plurality of secondary windings; a secondary side capaci-
tance element arranged in series between the second of the
plurality of secondary windings and the second output; an
LED controller; a first LED luminaire arranged to provide a
first illumination responsive to a power signal on the second
output; and a first current regulator arranged to regulated
current flowing through the first LED luminaire responsive
to the LED controller.

In another embodiment, a second circuit for driving an
LED luminaire is provided, the second circuit comprising: a
primary side controller; a flyback converter comprising a
transformer having a primary winding and a plurality of
secondary windings each magnetically coupled to the pri-
mary winding, and a primary electronically controlled
switch, the primary electronically controlled switch
arranged to alternately open and close responsive to the
primary side controller, the open and closed state arranged
to adjust a current flowing through the primary winding; a
first output associated with a first of the plurality of second-
ary windings, the primary side controller arranged to alter-
nately open and close the primary electronically controlled
switch so as to maintain the first output at a predetermined
voltage level; a first unidirectional electronic valve arranged
between the first secondary winding and the first output; a
second output associated with a second of the plurality of
secondary windings; an LED controller; a first secondary
electronically controlled switch arranged to be alternately in
a closed state and an open state responsive to the LED
controller; and a first LED luminaire coupled to the second
output and arranged in cooperation with the first secondary
electronically controlled switch so as to provide a first
illumination responsive to a power signal on the second
output when the first secondary electronically controlled
switch is in a first of the open and closed states and not
provide the first illumination when the first secondary elec-
tronically controlled switch is in a second of the open and
closed states wherein the turns ratio of the first secondary
winding and the second secondary winding is such that
power is delivered to the first output via the first unidirec-
tional electronic valve only when the first secondary elec-
tronically controlled switch is switched to the second of the
open and closed states.

Additional features and advantages of the invention will
become apparent from the following drawings and descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention and to show
how the same may be carried into effect, reference will now
be made, purely by way of example, to the accompanying
drawings in which like numerals designate corresponding
elements or sections throughout.

With specific reference now to the drawings in detail, it is
stressed that the particulars shown are by way of example
and for purposes of illustrative discussion of the preferred
embodiments of the present invention only, and are pre-
sented in the cause of providing what is believed to be the
most useful and readily understood description of the prin-
ciples and conceptual aspects of the invention. In this regard,
no attempt is made to show structural details of the invention
in more detail than is necessary for a fundamental under-
standing of the invention, the description taken with the
drawings making apparent to those skilled in the art how the
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several forms of the invention may be embodied in practice.
In the accompanying drawing:

FIG. 1 illustrates a high level schematic diagram of a
boost mode LED luminaire driving circuit, according to the
prior art;

FIG. 2 illustrates a high level schematic diagram of a buck
mode LED luminaire driving circuit, according to the prior
art;

FIG. 3A illustrates a high level schematic diagram of a
synchronous buck mode LED luminaire driving circuit,
according to certain embodiments;

FIGS. 3B-3C illustrate waveforms of certain components
of the LED luminaire driving circuit of FIG. 3A;

FIG. 4A illustrates a high level schematic diagram of a
synchronous buck mode LED luminaire driving circuit,
comprising a plurality of LED luminaires, according to
certain embodiments;

FIG. 4B illustrates waveforms of certain components of
the LED luminaire driving circuit of FIG. 4A;

FIG. 5 illustrates a high level schematic diagram of a first
embodiment of a synchronous boost mode LED luminaire
driving circuit, according to certain embodiments;

FIG. 6A illustrates a high level schematic diagram of a
second embodiment of a synchronous boost mode LED
luminaire driving circuit, according to certain embodiments;

FIG. 6B illustrates waveforms of certain components of
the LED luminaire driving circuit of FIG. 6A;

FIG. 7A illustrates a high level schematic diagram of a
fly-back mode LED luminaire driving circuit, according to
certain embodiments;

FIG. 7B illustrates waveforms of certain components of
the LED luminaire driving circuit of FIG. 7A;

FIG. 8A illustrates a high level schematic diagram of a
fly-back mode LED luminaire driving circuit, comprising a
plurality of LED luminaires, according to certain embodi-
ments;

FIG. 8B illustrates waveforms of certain components of
the LED luminaire driving circuit of FIG. 8A;

FIGS. 9A-9B illustrate a high level flow chart of a first
embodiment of an LED luminaire driving method, accord-
ing to certain embodiments; and

FIGS. 10A-10B illustrate a high level flow chart of a
second embodiment of an LED luminaire driving method,
according to certain embodiments.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Before explaining at least one embodiment of the inven-
tion in detail, it is to be understood that the invention is not
limited in its application to the details of construction and
the arrangement of the components set forth in the following
description or illustrated in the drawings. The invention is
applicable to other embodiments or of being practiced or
carried out in various ways. Also, it is to be understood that
the phraseology and terminology employed herein is for the
purpose of description and should not be regarded as lim-
iting.

FIG. 3A illustrates a high level schematic diagram of an
LED luminaire driving circuit 300, according to certain
embodiments. Circuit 300 comprises: power source 20;
resonant mode controller 30; converter 40 comprising bridge
circuit 50, primary side capacitor CP and transformer 60; a
secondary side capacitance element CS; voltage divider 110;
reference voltage source 120; diode bridge 210; diode bridge
220; an LED controller 305; capacitor C2; a capacitance
element C3; LED luminaire L.1; NFET SL; sense resistor
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RS; and a plurality of resistive elements R1, R2, R3 and R4.
A single LED luminaire is illustrated, however this is not
meant to be limiting in any way and any number of LED
luminaires may be provided without exceeding the scope.
Bridge circuit 50 comprises NFETs SB1 and SB2. Trans-
former 60 comprises: primary winding 130; and secondary
windings 140, 150 and 160, with secondary winding 150
being optional. Secondary winding 140 exhibits a leakage
inductance 310 in series therewith. In one embodiment, each
of resistive elements R1, R2, R3 and R4 are implemented as
resistors, and are described herein as such. The combined
resistance of resistors R3 and R4 equals the combined
resistance of resistors R1 and R2. Secondary side capaci-
tance CS and capacitance element C3 are each in one
embodiment implemented as a capacitor, and are described
herein as such.

The output of power source 20 is coupled to the drain of
NFET SB1 and the return of power source 20 is coupled to
the source of NFET SB2. The gates of NFETs SB1, SB2 are
each coupled to a respective output of resonant mode
controller 30. The source of NFET SB1 is coupled to the
drain of NFET SB2 and a first end of primary side capacitor
CP. A second end of primary side capacitor CP is coupled to
a first end of primary winding 130 of transformer 60 of
converter 40. A second end of primary winding 130 is
coupled to the return of power source 20.

A first end of secondary winding 140 is coupled to a first
end of leakage inductance 310, and a second end of leakage
inductance 310 is coupled to a first end of secondary side
capacitor CS. The second end of secondary side capacitor
CS is coupled to a first input of diode bridge 210, a first end
of resistor R1 and a first end of capacitor C3, denoted node
VS. The second end of secondary winding 140 is coupled to
a second input of diode bridge 210, a second end of capacitor
C3 and a first end of resistor R3. A second end of resistor R1
is coupled to a first end of resistor R2 and a respective input
of LED controller 305. A second end of resistor R2 is
coupled to a common potential. A second end of resistor R3
is coupled to a first end of resistor R4 and a second end of
resistor R4 is coupled to the common potential. The return
of diode bridge 210 is coupled to the common potential. The
output of diode bridge 210, denoted OUT2, is coupled to a
first end of capacitor C2 and the anode end of LED luminaire
L1. The second end of capacitor C2 is coupled to the cathode
end of LED luminaire [.1 and the drain of NFET SL. The
source of NFET SL is coupled to a first end of sense resistor
RS and a respective input of LED controller 305. The second
end of sense resistor RS is coupled to the common potential
and the gate of NFET SL is coupled to an output of LED
controller 305.

Optional secondary winding 150 is coupled to a respec-
tive load (not shown). Each end of secondary winding 160
is coupled to a respective input of diode bridge 220 and the
return of diode bridge 220 is coupled to the common
potential. The output of diode bridge 220, denoted OUT1, is
coupled across an output capacitor to a load (not shown) and
a first end of voltage divider 110. A second end of voltage
divider 110 is coupled to the common potential and a
division junction of voltage divider 110 is coupled to a
respective input of resonant mode controller 30. The output
of reference voltage source 120 is coupled to a respective
input of resonant mode controller 30 and the return of
reference voltage source 120 is coupled to the common
potential.

In operation, resonant mode controller 30 is arranged to
alternately open and close NFETs SB1 and SB2, typically at
a predetermined duty cycle near 50%. The primary winding
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130 is charged when NFET SB1 is closed and discharged
when NFET SB2 is closed. The voltage appearing across the
load coupled to secondary winding 160 is controlled via the
feedback path of voltage divider 110, as described above.
Particularly, the voltage across secondary winding 160,
rectified by diode bridge 220, is supplied to the load and is
additionally divided by voltage divider 110. The divided
voltage is compared to the voltage output by reference
voltage source 120. In the event that the divided voltage is
higher than the output of reference voltage source 120,
resonant mode controller 30 is arranged to increase the
switching frequency of bridge circuit 50 thereby reducing
the amount of voltage to the load coupled to secondary
winding 160. In the event that the divided voltage is lower
than the output of voltage source 120, resonant mode
controller 30 is arranged to reduce the switching frequency
of'bridge circuit 50 thereby increasing the amount of voltage
to the load couplet to secondary winding 160.

Secondary winding 140 is similarly impacted by the
change in frequency of resonant mode controller 30. Leak-
age inductance 310 and secondary side capacitor CS form a
resonant circuit 320. Transformer 60 and secondary side
capacitor CS are provided such that the resonant frequency
of resonant circuit 320 is greater than the maximum switch-
ing frequency of converter 40. As a result, when resonant
mode controller 30 reduces the switching frequency of
converter 40, in order to increase the voltage at secondary
winding 160, the switching frequency becomes further dis-
tanced from the resonant frequency of resonant circuit 320
and as a result the impedance of resonant circuit 320
increases. Thus, the increase in electrical energy caused by
the reduction in switching frequency is compensated for by
the increased impedance of resonant circuit 320 and the
rectified voltage at output OUT2 of diode bridge 210 doesn’t
appreciably increase.

Similarly, when resonant mode controller 30 increases the
switching frequency of converter 40, in order to reduce the
voltage at secondary winding 160, the switching frequency
approaches the resonant frequency of resonant circuit 320,
and as a result the impedance of resonant circuit 320
decreases. Thus, the decrease in electrical energy caused by
the increase in switching frequency is compensated for by
the reduced impedance of resonant circuit 320 and the
rectified voltage at output OUT2 of diode bridge 210 doesn’t
appreciably decrease.

The current flowing through LED luminaire [.1 generates
a voltage across sense resistor RS, which is detected by LED
controller 305. LED controller 305 is arranged to adjust the
pulse width modulation (PWM) duty cycle of NFET SL to
control the current flowing through LED luminaire L1
responsive to the detected voltage drop across sense resistor
RS. LED controller 305 is arranged to be synchronized with
the voltage across secondary winding 160, as illustrated in
FIGS. 3-3C where the x-axis represents time and the y-axis
represents voltage in arbitrary units. The voltage across
secondary winding 140, stored across capacitor C3, is
denoted VS and illustrated by graph 400 in FIGS. 3B-3C.
Voltage VS is divided by resistors R1 and R2, the divided
voltage received by LED controller 305. In one embodi-
ment, the gate voltage of NFET SL, denoted VG and
illustrated by graph 410 of FIG. 3B, is synchronized with
voltage VS with leading edge modulation, as will be
described below. In another embodiment, the gate voltage of
NFET SL, denoted VG and illustrated by graph 420 of FIG.
3C, is synchronized with voltage VS with trailing edge
modulation, as will be described below.
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For leading edge modulation, as illustrated in FIG. 3B,
NFET SL is opened when voltage VS, illustrated by graph
400, is zero. At time T1, NFET SB1 is closed and voltage VS
rises to the positive operating voltage. At time T2, LED
controller 305 is arranged to output a high gate voltage VG
to NFET SL, illustrated by graph 410, thereby closing NFET
SL and allowing current to flow through LED luminaire [.1.
At time T3, NFET SB1 is opened and voltage VS begins to
fall responsive to the opening of NFET SB1. Additionally,
the inductive current stored in leakage inductance 310 of
secondary winding 140 starts flowing, i.e. freewheeling,
through LED luminaire [.1 and decays. At time T4, when
both NFET SB1 and NFET SB2 are opened, voltage VS
becomes zero. NFET SB1 and NFET SB2 are maintained in
an open position for a predetermined time period to avoid a
condition where NFET SB1 and NFET SB2 are closed at the
same time, thereby short circuiting power source 20, a
condition known as shoot through. At time TS5, LED con-
troller 305 is arranged to switch gate voltage VT to a low
gate voltage VG for NFET SL thereby opening NFET SL
when substantially zero voltage is presented thereacross,
thereby reducing switching losses. Additionally, transformer
60 is designed such that leakage inductance 310 is of an
appropriate value so that the inductive current thereof
decays to zero, or near-zero, at time TS5, thus realizing a soft
switching operation, i.e. switching at zero voltage and zero
current. At time T6, NFET SB2 is closed and voltage VS
begins to fall. At time T7, voltage VS falls to the negative
operating voltage and at time T8 LED controller 305 is
arranged to switch gate voltage VG to a high gate voltage
VG for application to NFET SL. At time T9, NFET SB1 is
opened and voltage VS begins to rise responsive to NFET
SB1 being opened. At time T10, when both NFET SB1 and
SB2 are opened, voltage VS becomes zero. At time T11,
LED controller 305 is arranged to switch the output gate
voltage VG a low gate voltage for application to NFET SL
thereby opening NFET SL when substantially zero voltage
is presented thereacross. At time T12, NFET SB1 is closed
and voltage VS begins to rise. At time T13 voltage VS rises
to the positive operating voltage and at time T14 LED
controller 305 is arranged to switch the output gate voltage
VG to high for application to NFET SL.

For trailing edge modulation, illustrated in FIG. 3C,
NFET SL is closed when voltage VS, illustrated by graph
400, is zero. At time T1, NFET SB1 is closed and voltage VS
rises to the positive operating voltage. At time T2, LED
controller 305 is arranged to output a low gate voltage VG
to NFET SL, illustrated by graph 420, thereby opening
NFET SL and preventing current from flowing through LED
luminaire [.1. At time T3, NFET SB1 is opened and voltage
VS begins to fall responsive to the opening of NFET SB1.
At time T4, when both NFET SB1 and NFET SB2 are
opened, voltage VS becomes zero. NFET SB1 and NFET
SB2 are maintained in an open position for a predetermined
time period to avoid shoot-through condition where NFET
SB1 and NFET SB2 are closed at the same time, thereby
short circuiting power source 20. At time T5, LED controller
305 is arranged to switch the output gate voltage VG to a
high value for application to NFET SL thereby closing
NFET SL when substantially zero voltage is presented, thus
resulting in soft switching. At time T6, NFET SB2 is closed
and voltage VS begins to fall. At time T7, voltage VS falls
to the negative operating voltage and at time T8 LED
controller 305 is arranged to switch the output gate voltage
VG to a low value for application to NFET SL, thereby
opening NFET SL. The inductive current of leakage induc-
tance 310 of secondary winding 140 thus freewheels through
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capacitor C3 and secondary side capacitor CS, the stored
inductive energy of leakage inductance 310 being trans-
ferred to capacitor C3 and secondary side capacitor CS as
the freewheeling current degrades. At time T9, NFET SB1
is opened and voltage VS begins to rise responsive to the
opening of NFET SB1 opens. At time T10, when both NFET
SB1 and SB2 are opened, voltage VS becomes zero. At time
T11, LED controller 305 is arranged to switch the output
gate voltage VG to a high value for application to NFET SL
thereby closing NFET SL when substantially zero voltage is
presented thereacross. At time T12, NFET SB1 is closed and
voltage VS begins to rise. At time T13 voltage VS rises to
the positive operating voltage and at time T14 LED con-
troller 305 is arranged to switch the output gate voltage VG
to a low value for application to NFET SL, thereby opening
NFET SL. The inductive current of leakage inductance 310
of secondary winding 140 thus freewheels through capacitor
C3 and secondary side capacitor CS, the stored inductive
energy of leakage inductance 310 being transferred to
capacitor C3 and secondary side capacitor CS as the free-
wheeling current degrades.

Resistors R3 and R4 are arranged to balance the resistance
provided by resistors R1 and R2, such that the resistance at
the inputs of diode bridge 210, i.e. across both ends of
secondary winding 140 are equal. Resistors R3 and R4 are
illustrated as being separate resistors, however this is not
meant to be limiting in any way and in another embodiment
the combined resistance of resistors R3 and R4 is provided
by a single resistor.

Advantageously, as opposed to LED luminaire driving
circuits 10, 200, LED luminaire driving circuit 300 does not
include a secondary side inductor 70. Particularly, the buck
function is provided by NFET SL, sense resistor RS and
leakage inductance 310 of secondary winding 140. Addi-
tionally, NFET SL is either switched to be opened, or
switched to be closed, when substantially zero voltage is
presented thereacross. Thus, soft switching occurs at one of
the two switching transitions.

The above has been described in an embodiment where
the illumination of LED luminaire L1 is regulated by pulse
width modulation switching of NFET SL, however this is
not meant to be limiting in any way. In another embodiment
(not shown), the current flowing through LED luminaire [.1
is regulated by linear regulation of NFET SL, thereby
adjusting the voltage drop across NFET SL.

FIG. 4A illustrates a high level schematic diagram of an
LED luminaire driving circuit 500, according to certain
embodiments. LED luminaire driving circuit 500 is in all
respects similar to LED luminaire driving circuit 300 of FIG.
3 A, with the exception that a plurality of LED luminaires are
provided, denoted respectively L1, .2 and L3. Each one of
LED luminaires L1, L2, L3 has associated therewith a
respective one of a plurality of NFETs, denoted respectively
SL1, SL2 and SL3, a respective one of a plurality of
unidirectional electronic valves D0 and a respective one of
a plurality of sense resistors RS. In one embodiment, each of
the plurality of unidirectional electronic valves D0 com-
prises a diode, and is described herein as such. The anode of
each diode D0 is coupled to the cathode end of the respective
one of LED luminaires L1, 1.2, L3, and the cathode of each
diode DO is coupled to the drain of the respective one of
NFETs SL.1, SL.2, SL3. Diodes D0 prevent cross bleeding of
capacitors C2 when more than one of NFETs SL.1, SL.2, SL.3
are simultaneously in a closed state. The operation of LED
luminaire driving circuit 500 is in all respects similar to the
operation of LED luminaire driving circuit 300 of FIG. 3A,
with the exception that the NFETs SLL1, SL.2 are each driven
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with trailing edge modulation and NFET SL3 is driven with
leading edge modulation, as illustrated in FIG. 4B where the
x-axis represents time and the y-axis represents voltage in
arbitrary units. The voltage across secondary winding 140 of
transformer 60, stored across capacitor C3, is denoted VS
and illustrated by graph 400 of FIG. 4B. The gate voltage of
NFET SL1 is denoted VG1 and illustrated by graph 510 of
FIG. 4B. The gate voltage of NFET SL.2 is denoted VG2 and
illustrated by graph 520 of FIG. 4B. The gate voltage of
NFET SL3 is denoted VG3 and illustrated by graph 530 of
FIG. 4B.

LED controller 305 is arranged to determine which one of
LED luminaires [.1, 1.2, .3 exhibits the highest operating
voltage, by detecting the voltage across the respective sense
resistor RS. The highest operating voltage will result in the
lowest current flowing through the respective sense resistor
RS. In another embodiment (not shown), a respective input
of LED controller 305 is coupled to the cathode end of each
of LED luminaires [.1, L.2, 1.3, LED controller 305 arranged
to directly measure the operating voltages of LED lumi-
naires L1, [.2, L.3. The respective one of NFETs SL.1, SL.2,
SL3 associated with the LED luminaire exhibiting the
highest operating voltage is driven with leading edge modu-
lation and the other NFETs are driven with trailing edge
modulation. For clarity, the below will be described in an
embodiment where LED luminaire .3 exhibits the highest
operating voltage, however this is not meant to be limiting
in any way.

As illustrated in FIG. 4B, at time T1, NFET SB1 is closed
and voltage VS rises to the positive operating voltage. Gate
voltages VG1 and VG2 are high and therefore NFETs SL.1
and SL.2 are closed and current flows through LED lumi-
naires L1 and L2. At time T2, LED controller 305 is
arranged to switch the output gate voltage VG3 to high for
application to NFET SL3 thereby closing NFET SL3. Since
LED luminaire [.3 exhibits a higher operating voltage than
LED luminaires [.1 and [.2, the voltage thereacross will not
be sufficient to power LED luminaire [.3 until both LED
luminaires [.1 and L2 are turned off, however the overlap-
ping of on time of LED luminaire [.3 with the on time of
LED luminaires .1 and .2 will allow the continuation of the
flow of inductive current of leakage inductance 310 of
secondary winding 140 to through LED luminaire L3,
instead of capacitor C3 and secondary side capacitor CS, and
thus minimizing the energy circulation loss and switching
stress when LED luminaires .1 and L2 are turned off.

At time T3, LED controller 305 is arranged to switch the
output gate voltage VG1 to a low state for application to
NFET SL1 thereby opening NFET SL.1 and preventing
current from flowing through LED luminaire [.1. At time T4,
LED controller 305 is arranged to switch the output gate
voltage VG2 to a low state for application to NFET SL2
thereby opening NFET SL.2 and preventing current from
flowing through LED luminaire [.2. The voltage across LED
luminaire 1.3 rises responsive to the current drive from
secondary winding 140 to the necessary operating voltage
for LED luminaire L3 and current flows therethrough. At
time T5, NFET SB1 is opened and voltage VS begins to fall
responsive to the opening of NFET SB1. At time T6, when
both NFET SB1 and NFET SB2 are opened, voltage VS
becomes zero. NFET SB1 and NFET SB2 are maintained in
an open position for a predetermined time period to avoid a
shoot-through condition. At time T7, LED controller 305 is
arranged to switch the output gate voltage VG3 to a low state
for application to NFET SL3 thereby opening NFET SL.3
when substantially zero voltage is presented thereacross. At
time T8, LED controller 305 is arranged to switch the output
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gate voltage VG1 to a high state for application to NFET
SL.1 and to switch the output gate voltage VG2 to a high
state for application to NFET SL.2 thereby closing NFETs
SL.1 and SL.2 when substantially zero voltage is presented
thereacross. In one embodiment, NFETs SL1 and SL.2 can be
closed at any time between T7 and T9.

At time T9, NFET SB2 is closed and voltage VS begins
to fall. At time T10, voltage VS falls to the negative
operating voltage and at time T11 LED controller 305 is
arranged to switch the output gate voltage VG3 to a high
state for application to NFET SL.3 thereby closing NFET
SL3. At time T12, LED controller 305 is arranged to switch
the output gate voltage VG1 to a low state for application to
NFET SL1 thereby opening NFET SL1 and preventing
current from flowing through LED luminaire [.1. At time
T13, LED controller 305 is arranged to switch the output
gate voltage VG2 to a low state for application to NFET SL.2
thereby opening NFET SL.2 and preventing current from
flowing through LED luminaire [.2. The voltage across LED
luminaire [.3 thus rises to the necessary operating voltage
and current flows therethrough.

Attime T14, NFET SB1 is opened and voltage VS begins
to rise responsive thereto. At time T15, when both NFET
SB1 and SB2 are opened, voltage VS becomes zero. At time
T16, LED controller 305 is arranged to switch the output
gate voltage VG3 to a low state for application to NFET SL.3
thereby opening NFET SL3 when substantially zero voltage
is presented thereacross. At time T17, LED controller 305 is
arranged to switch the output gate voltage VG1 to a high
state for application to NFET SL1 and to switch the output
voltage VG2 to a high state for application to NFET SL2
thereby closing NFETs SI.1 and SL.2 when substantially
zero voltage is presented thereacross. At time T18, NFET
SB1 is closed and voltage VS begins to rise. At time T19
voltage VS rises to the positive operating voltage and at time
T20 LED controller 305 is arranged to switch the output gate
voltage VG3 to a high state for application to NFET SL3,
thus closing NFET SL3.

FIG. 5 illustrates a high level schematic diagram of an
LED luminaire driving circuit 600, according to certain
embodiments. LED luminaire driving circuit 600 comprises:
power source 20; resonant mode controller 30; converter 40
comprising bridge circuit 50, primary side capacitor CP and
transformer 60; secondary side capacitor CS; voltage divider
110; voltage source 120; diode bridge 210; diode bridge 220;
an LED controller 605; capacitor C2; LED luminaire [.1;
NFET SS; sense resistor RS; diode D2; and resistors R1, R2,
R3 and R4. A single LED luminaire is illustrated, however
this is not meant to be limiting in any way and any number
of LED luminaires may be provided without exceeding the
scope. Bridge circuit 50 comprises NFETs SB1 and SB2.
Transformer 60 comprises: primary winding 130; and sec-
ondary windings 140, 150 and 160. Secondary winding 140
exhibits leakage inductance 310.

The output of power source 20 is coupled to the drain of
NFET SB1 and the return of power source 20 is coupled to
the source of NFET SB2. The gates of NFETs SB1, SB2 are
each coupled to a respective output of resonant mode
controller 30. The source of NFET SB1 is coupled to the
drain of NFET SB2 and a first end of primary side capacitor
CP. A second end of primary side capacitor CP is coupled to
a first end of primary winding 130 of transformer 60 of
converter 40. A second end of primary winding 130 is
coupled to the return of power source 20.

A first end of secondary winding 140 is coupled to a first
end of leakage inductance 310, and a second end of leakage
inductance 310 is coupled to a first end of secondary side
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capacitor CS. The second end of secondary side capacitor
CS is coupled to a first input of diode bridge 210 and a first
end of resistor R1. The second end of secondary winding
140 is coupled to a second input of diode bridge 210 and a
first end of resistor R3. A second end of resistor R1 is
coupled to a first end of resistor R2 and a respective input of
LED controller 605. A second end of resistor R2 is coupled
to a common potential. A second end of resistor R3 is
coupled to a first end of resistor R4 and a second end of
resistor R4 is coupled to the common potential. The return
of diode bridge 210 is coupled to the common potential. The
output of diode bridge 210, denoted OUT2, is coupled to the
drain of NFET S8 and the anode of diode D2. The source of
NFET SS is coupled to the common potential and the gate
of NFET S8 is coupled to an output of LED controller 605.
The cathode of diode D2 is coupled to a first end of capacitor
C2 and the anode end of LED luminaire [.1. The second end
of capacitor C2 is coupled to the common potential and the
cathode end of LED luminaire L1 is coupled to the common
potential via sense resistor RS. The cathode end of LED
luminaire L1 is further coupled to a respective input of LED
controller 605.

Optional secondary winding 150 is coupled to a respec-
tive load (not shown). Each end of second winding 160 is
coupled to a respective input of diode bridge 220 and the
return of diode bridge 220 is coupled to the common
potential. The output of diode bridge 220, denoted OUT1, is
coupled to a load (not shown) and a first end of voltage
divider 110. A second end of voltage divider 110 is coupled
to the common potential and a division junction of voltage
divider 110 is coupled to a respective input of resonant mode
controller 30. The output of reference voltage source 120 is
coupled to a respective input of resonant mode controller 30
and the return of reference voltage source 120 is coupled to
the common potential.

In operation, as described above in relation to LED
luminaire driving circuit 300 of FIG. 3A, resonant mode
controller 30 is arranged to alternately open and close
NFETs SB1 and SB2, typically at a predetermined duty
cycle near 50%, with a variable frequency, such that primary
winding 130 is charged when NFET SB1 is closed and
discharged when NFET SB2 is closed. The voltage appear-
ing across the load couplet to secondary winding 160 is
controlled via the feedback path of voltage divider 110, as
described above. Particularly, the voltage across secondary
winding 160, rectified by diode bridge 220, is supplied to the
load and is additionally divided by voltage divider 110. The
divided voltage is compared to the voltage output by refer-
ence voltage source 120. In the event that the divided
voltage is higher than the output of reference voltage source
120, resonant mode controller 30 is arranged to increase the
switching frequency of bridge circuit 50 thereby reducing
the amount of voltage to the load coupled to secondary
winding 160. In the event that the divided voltage is lower
than the output of reference voltage source 120, resonant
mode controller 30 is arranged to reduce the switching
frequency of bridge circuit 50 thereby increasing the amount
of voltage to the load coupled to secondary winging 160.

Secondary winding 140 is similarly impacted by the
change in frequency of resonant mode controller 30. Leak-
age inductance 310 and secondary side capacitor CS form a
resonant circuit 320. Transformer 60 and secondary side
capacitor CS are provided such that the resonant frequency
of resonant circuit 320 is greater than the maximum switch-
ing frequency of converter 40. As a result, when resonant
mode controller 30 reduces the switching frequency of
converter 40, in order to increase the voltage at secondary
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winding 160, the switching frequency becomes further dis-
tanced from the resonant frequency of resonant circuit 320
and as a result the impedance of resonant circuit 320
increases. Thus, the increase in electrical energy caused by
the reduction in switching frequency is compensated for by
the increased impedance of resonant circuit 320 and the
rectified voltage at output OUT2 of diode bridge 210 doesn’t
appreciably increase.

Similarly, when resonant mode controller 30 increases the
switching frequency of converter 40, in order to reduce the
voltage at secondary winding 160, the switching frequency
approaches the resonant frequency of resonant circuit 320,
and as a result the impedance of resonant circuit 320
decreases. Thus, the decrease in electrical energy caused by
the increase in switching frequency is compensated for by
the reduced impedance of resonant circuit 320 and the
rectified voltage at output OUT2 of diode bridge 210 doesn’t
appreciably decrease.

The current flowing through LED luminaire [.1 generates
a voltage across the respective sense resistor RS, which is
detected by LED controller 605. LED controller 605 is
arranged to adjust the pulse width modulation (PWM) duty
cycle of NFET SS to control the current flowing through
LED luminaire L1. Particularly, when NFET SS is closed,
leakage inductance 310 is charged through NFET SS to the
common potential. When NFET SS is open, leakage induc-
tance 310 is charged through LED luminaire 310, thus
increasing the voltage at output OUT?2 of diode bridge 210.
In one embodiment, NFET SS is driven with trailing edge
modulation, responsive to voltage VS divided by resistors
R1 and R2 and received by LED controller 605. When
driven with trailing edge modulation, NFET SS is closed
when voltage VS is zero and leakage 310 has been com-
pletely discharged through LED luminaire [.1. As a result,
NFET SS is closed when zero voltage is presented there-
across. As described above, resistors R3 and R4 are arranged
to balance the resistance provided by resistors R1 and R2,
such that the resistance at the inputs of diode bridge 210 are
equal.

FIG. 6A illustrates a high level schematic diagram of an
LED luminaire driving circuit 700, according to certain
embodiments. The arrangement of LED luminaire driving
circuit 700 is in all respects similar to the arrangement of
LED luminaire driving circuit 600 of FIG. 5 with the
exception that diode bridge 210 is replaced with a pair of
diodes D4, an electronically controlled switch SS1 and an
electronically controlled switch SS2. Additionally, NFET SS
and diode D2 are not provided. In one embodiment, elec-
tronically controlled switch SS1 and electronically con-
trolled switch SS2 are each implemented as an NFET, and
are described herein as such. The anode of a first diode D4
is coupled to the second end of capacitor CS, the first end of
resistor R1 and the drain of NFET SS1. The source of NFET
SS1 is coupled to the common potential and the gate of
NFET SS1 is coupled to a respective output LED controller
605. The anode of the second diode D4 is coupled to the
second end of secondary winding 140, the second end of
leakage inductance 310, the first end of resistor R3 and the
drain of NFET SS2. The source of NFET SS2 is coupled to
the common potential and the gate of NFET SS2 is coupled
to a respective output of LED controller 605. The cathode of
each of the first and second diode D4 is coupled to the first
end of capacitor C2 and the anode end of LED luminaire [.1.

The operation of LED luminaire driving circuit 700 is in
all respects similar to the operation of LED luminaire
driving circuit 600, with the exception that the charging and
discharging of leakage inductance 310 is controlled via
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NFETs SS1, SS2, as illustrated in FIG. 6B, where the x-axis
represents time and the y-axis represents voltage in arbitrary
units. The voltage across secondary winding 140 is denoted
VS and illustrated by graph 400 of FIG. 6B. The gate voltage
of NFET SS1 is denoted VGS1 and illustrated by graph 710
of FIG. 6B. The gate voltage of NFET SS2 is denoted VGS2
and illustrated by graph 720 of FIG. 6B.

At time T1, NFET SB1 is closed and voltage VS rises to
the positive operating voltage, gate voltages VGS1 and
VGS2 being high at time T1. Leakage inductance 310 is thus
being charged. At time T2, LED controller 605 is arranged
to output a low state gate voltage VGS1 to NFET SS1,
thereby opening NFET SS1 and allowing current to flow
through the first diode D4 to LED luminaire I.1 with the
return path supplied by NFET SS2. As a result, leakage
inductance 310 begins to discharge. At time T3, NFET SB1
is opened and voltage VS begins to fall as NFET SB1 opens.
At time T4, when both NFET SB1 and NFET SB2 are
opened, voltage VS becomes zero. NFET SB1 and NFET
SB2 are maintained in an open position for a predetermined
time period to avoid a shoot-through condition where NFET
SB1 and NFET SB2 are closed at the same time, thereby
short circuiting power source 20. At time T5, LED controller
605 is arranged to switch gate voltage VGS2 to a low state
for application to NFET SL2 thereby opening NFET SL.2
when substantially zero voltage is presented thereacross. In
another embodiment (not shown), NFET SL2 is left closed
until time T9 described below. At time T6, when VS is still
zero, LED controller 605 is arranged to respectively switch
output gate voltages VGS1, VGS2 to a high state for
application to NFETs SL.1, SL2, thereby forming a charging
path for leakage inductance 310 in a direction opposing the
charge direction of time T1. At time T7, NFET SB2 is closed
and voltage VS begins to fall and starts charging leakage
inductance 310 in a negative direction opposing the charge
direction of time T1. At time T8, voltage VS falls to the
negative operating voltage and the charging of leakage
inductance 310 continues. At time T9, LED controller 605 is
arranged to switch the output gate voltage VGS2 to a low
state for application to NFET SL2. Leakage inductance 310
is thus discharged by powering LED luminaire .1 through
second diode D4. At time T10, NFET SB2 is opened and
voltage VS begins to rise as NFET SB2 opens. Additionally,
LED controller 605 is arranged to switch the output gate
voltage VGS1 to a low state for application to NFET SL1.
In another embodiment (not shown), NFET SL1 is left
closed until time T15 described below. At time T11, when
both NFET SB1 and SB2 are opened, voltage VS becomes
zero. At time T12, LED controller 605 is arranged to
respectively switch gate voltages VGS1, VGS2 to high
states for application to NFETs SL1, SL2 thereby closing
NFETs SL1 and SL2 when substantially zero voltage is
presented thereacross. Leakage inductance 310 thus begins
to charge, as described above in relation to time T1. At time
T13, NFET SB1 is closed and voltage VS begins to rise. At
time T14 voltage VS rises to the positive operating voltage
and at time T15 LED controller 605 is arranged to switch
gate voltage VGS1 to the low state for application to NFET
SL1, thereby powering LED luminaire [.1 with the power
discharged from leakage inductance 310, as described above
in relation to time T2.

FIG. 7A illustrates a high level schematic diagram of an
LED luminaire driving circuit 800, according to certain
embodiments. LED luminaire driving circuit 800 comprises:
power source 20; a primary side controller 810; a converter
820 comprising a primary electronically controlled switch
SP and a transformer 840; a unidirectional electronic valve
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D5; a capacitance element C4; voltage divider 110; voltage
source 120; resistors R1 and R2; a unidirectional electronic
valve D6; an LED controller 805; capacitor C2; LED
luminaire L1; NFET SL; and sense resistor RS. A single
LED luminaire is illustrated, however this is not meant to be
limiting in any way and any number of LED luminaires may
be provided without exceeding the scope. Transformer 840
comprises: a primary winding 850; and a plurality of sec-
ondary windings, denoted respectively 860, 870 and 880. In
one embodiment, primary electronically controlled switch
SP is implemented as an NFET, and is described herein as
such. In another embodiment, unidirectional electronic
valves D5 and D6 are each implemented as a diode, and are
described herein as such. In one embodiment, capacitance
element C4 is implemented as a capacitor, and is described
herein as such. The turns ratio of secondary winding 860 and
secondary winding 880 is a function of the ratio between the
operating voltage of LED luminaire .1 and the operating
voltage of the load at an output OUT1 such that when LED
luminaire [.1 has current flowing therethrough the voltage
across secondary winding 860, denoted VS1, is less than the
operating voltage of the load at output OUT1, as will be
described below.

The output of power source 20 is coupled to a first end of
primary winding 850 of transformer 840 and the second end
of primary winding 850 is coupled to the drain of NFET SP,
the polarity of the second end of primary winding 850
denoted with a dot. The source of NFET SP is coupled to the
return of power source 20 and the gate of NFET SP is
coupled to an output of primary side controller 810. The
anode of diode D5 is coupled to a first end of secondary
winding 860 of transformer 840, the polarity thereof denoted
with a dot. The cathode of diode D5 is coupled to a first end
of capacitor C4, a first end of voltage divider 110 and a load
(not shown), the node denoted OUT1. The second end of
capacitor C4 is coupled to a common potential and the
second end of secondary winding 860 is coupled to the
common potential. A second end of voltage divider 110 is
coupled to the common potential and a voltage division node
of voltage divider 110 is coupled to a respective input of
primary side controller 810. The output of reference voltage
source 120 is coupled to a respective input of primary side
controller 810 and the return of reference voltage source 120
is coupled to the common potential. Optional secondary
winding 870 of transformer 840 is coupled to a respective
load (not shown).

A first end of secondary winding 880 of transformer 840
is coupled to a first end of resistor R1 and the anode of diode
D6, the polarity of the first end of secondary winding 880
denoted with a dot and the node is denoted OUT2, carrying
a signal VS2. A second end of resistor R1 is coupled to a first
end of resistor R2 and to a respective input of LED con-
troller 805. The second end of resistor R2 and the second end
of secondary winding 880 are each coupled to the common
potential. The cathode of diode D6 is coupled to a first end
of capacitor C2 and the anode end of LED luminaire L1. The
second end of capacitor C2 is coupled to the cathode end of
LED luminaire L1 and the drain of NFET SL. The source of
NFET SL is coupled to a first end of sense resistor RS and
a respective input of LED controller 805. The second end of
sense resistor RS is coupled to the common potential and the
gate of NFET SL is coupled to an output of LED controller
805.

The operation of LED luminaire driving circuit 800 is
illustrated in FIG. 7B, where the x-axis represents time and
the y-axis represents voltage in arbitrary units. The current
flowing through primary winding 850 of transformer 840 is
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denoted IP and illustrated by graph 890 of FIG. 7B. The
voltage at node OUT2, denoted VS2, is illustrated by graph
900 of FIG. 7B. The gate voltage of NFET SL, output by
LED controller 805, is denoted VG and illustrated by graph
910 of FIG. 7B.

At time T1, NFET SP is closed and current IP is increas-
ing. Due to the polarity of primary winding 850 and sec-
ondary windings 860 and 880, voltage VS2 is equal to a
negative voltage, and therefore no current flows through
diode D6. Additionally, gate voltage VG is low and NFET
SL is open. At time T2, LED controller 805 is arranged to
output a high gate voltage VG to NFET SL, thereby closing
NFET SL, however no current flows there through due to the
blocking action of diode D6. LED controller 805 is arranged
to detect voltage VS2, divided by resistors R1 and R2, so as
to close NFET SL when voltage VS2 is not greater than zero.
At time T3, primary side controller is arranged to open
NFET SP. As a result, current IP begins to decrease and the
voltage across primary winding 850 reverses, thereby caus-
ing a reversal of voltage VS2, which now forward biases
diode D6, and voltage VS2 rises to the operating voltage of
LED luminaire L1, denoted VL in FIG. 7B. As described
above, the turns ratio of secondary windings 860 and 880 is
such that when voltage VS2 equals VL, the voltage across
secondary winding 860, denoted VS1, is less than the
operating voltage of the load of output OUT1, and therefore
diode D5 is reverse biased. For example, if the voltage at
output OUT1 and stored across capacitor C4 is 12V and the
operating voltage of LED luminaire L1 is less than 12V,
secondary winding 880 may exhibit the same number of
turns as secondary winding 860. If the operating voltage of
LED luminaire L1 is 12V, secondary winding 880 may
exhibit a greater number of turns than secondary winding
860. As a result, as described above, the potential at the
anode of diode D5 is less than the potential at the cathode
thereof when diode D6 is conducting, thereby no power is
provided to capacitor C4 and output OUT1. The operation of
LED luminaire L1 prevents voltage VS2 from rising above
LED luminaire operating voltage VL, thereby preventing
voltage VS1 from rising further.

LED controller 805 is arranged to compare the current
flowing through LED luminaire L1, responsive to the volt-
age across sense resistor RS, with a predetermined current
level. When the current exceeds the predetermined current
level, at time T4 LED controller 805 is arranged to switch
gate voltage VG to a low state for presentation to NFET SL,
thereby opening NFET SL. Voltage VS1 across secondary
winding 860 is no longer restricted by operating voltage VL,
of LED luminaire [.1 and can continue rising to the oper-
ating voltage of the load at output OUTI1. Voltage VS2
across secondary winding 880 also rises, as illustrated,
however NFET SL is open and the increased voltage does
not impact LED luminaire [.1. Current IP continues to
decrease at a rate responsive to the power supplied to OUT1.
Attime TS, current IP reaches zero and primary winding 850
is completely discharged, thereby presenting a respective
zero voltage VS1 and VS2 across secondary windings 860
and 880. At time T6, primary side controller 810 is arranged
to close NFET SP, with substantially zero voltage presented
thereacross, thereby causing current IP to rise and voltage
VS2 to fall to a negative voltage, as described above. At time
T7, LED controller 805 is arranged to switch gate voltage
VG to a high state for presentation to NFET SL, as described
above in relation to time T2. Since diode D6 is reversely
biased by a negative voltage when primary side NFET SP is
closed, the closing (turn on) time of NFET SL can be
arranged at any point between T1 and T2, or T6 and T7,
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without affecting the circuit operation. At time T8, primary
side controller 810 is arranged to open NFET SP, as
described above in relation to time T3. Advantageously,
LED luminaire driving circuit 800 allows regulation of the
voltage at output OUT1 without affecting the operation of
LED luminaire [.1. Additionally, NFET SL is closed when
zero voltage is presented thereacross.

FIG. 8A illustrates a high level schematic diagram of an
LED luminaire driving circuit 1000, according to certain
embodiments. LED luminaire driving circuit 1000 is in all
respects similar to LED luminaire driving circuit 800 of FIG.
7A, with the exception that a plurality of LED luminaires
L1, L.2 are provided. Each of the plurality of LED luminaires
L1, L2 has associated therewith a diode D6, a capacitor C2,
a sense resistor RS and a respective one of a pair of NFETs
SL1 and SL.2. Additionally, transformer 840 further com-
prises a second primary winding 1010, and converter 820
further comprises a voltage divider 1020 associated with
second primary winding 1010.

The anode end of each of LED luminaires L1, L2 is
coupled to a first end of the respective capacitor C2 and the
cathode of the respective diode D6, the anode of each diode
D6 coupled to node OUT2. The cathode end of each of LED
luminaires 11, .2 is coupled to a second end of the
respective capacitor C2 and the drain of the respective one
of NFETs SL1, SL2. The source of each of NFETs SL1, SL2
is coupled to the common potential via the respective sense
resistor RS and to a respective input of LED controller 805.
The gate of each of NFETs SL1, SL2 is coupled to a
respective output of LED controller 805. A first end of
primary winding 1010 of transformer 840 is coupled to a
first end of voltage divider 1020, the polarity of the first end
of primary winding 1010 denoted with a dot. A voltage
division node of voltage divider 1020 is coupled to a
respective input of primary side controller 810. A second end
of voltage divider 1020 and the second end of primary
winding 1010 are each coupled to a primary side common
potential.

The operation of LED luminaire driving circuit 1000 is
illustrated in FIG. 8B, where the x-axis represents time and
the y-axis represents voltage in arbitrary units. The current
flowing through primary winding 850 of transformer 840 is
denoted IP and illustrated by graph 1030 of FIG. 8B. The
voltage at node OUT2 is denoted VS2 and illustrated by
graph 1040 of FIG. 8B. The gate voltage of NFET SL1,
output by LED controller 805, is denoted VG1 and illus-
trated by graph 1050 of FIG. 8B. The gate voltage of NFET
SL.2, output by LED controller 805, is denoted VG2 and
illustrated by graph 1060 of FIG. 8B.

At time T1, NFET SP is closed and current IP is increas-
ing. Due to the polarity of primary winding 850 and sec-
ondary windings 860 and 880, and the respective diodes D5
and D6, voltage VS2 is equal to a negative voltage and no
current flows through the output secondary windings 860,
880. Additionally, gate voltages VG1 and VG2 are low and
thus NFETs SL1 and SL.2 are open. At time T2, LED
controller 805 is arranged to respectively switch gate volt-
ages VG1 and V(G2 to a high state for presentation to NFETs
SL.1 and SL.2, thereby closing NFETs SL.1 and SL2. LED
controller 805 is arranged to detect voltage VS2, divided by
resistors R1 and R2, so as to close NFETs SL1, SL2 when
voltage VS2 is not greater than zero. At time T3, primary
side controller 810 is arranged to open NFET SP. As a result,
current [P begins to decrease and the voltage across primary
winding 850 reverses, thereby causing a reversal of voltage
VS2 to the operating voltage of LED luminaire [.1, denoted
VL1 in FIG. 8B. As described above, the turns ratio of
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secondary windings 860 and 880 is such that when voltage
VS2 equals VL1, the voltage across secondary winding 860
is less than the operating voltage of the load of output OUT1.
As a result, the potential at the anode of diode D5 is less than
the potential at the cathode thereof, thereby not providing
power to capacitor C4 and output OUT1. The operation of
LED luminaire L1 prevents voltage VS2 from rising above
LED luminaire operating voltage VL1, thereby preventing
voltage VS1 from rising.

LED controller is arranged to compare the current flowing
through LED luminaire L1, responsive to the voltage across
the respective sense resistor RS, with a predetermined
current level. When the current exceeds the predetermined
current level, at time T4 LED controller 805 is arranged to
switch gate voltage VG1 to a low state for presentation to
NFET SL1, thereby opening NFET SL.1. Voltage VS2 then
continues to rise until reaching the operating voltage of LED
luminaire 1.2, denoted VL2 in FIG. 8B, and current flows
through LED luminaire 1.2. LED controller 805 is arranged
to compare the current flowing through LED luminaire 1.2,
responsive to the voltage across the respective sense resistor
RS, with a predetermined current level. When the current
exceeds the predetermined current level at time T5. LED
controller 805 is arranged to output a low state gate voltage
VG2 to NFET SL2, thereby opening NFET SL2. The
voltage across secondary winding 860 is no longer restricted
by operating voltage VL1 of LED luminaire [.1, or operating
voltage VL2 of LED luminaire 1.2 and thus rises to the
operating voltage of the load at output OUT1 until diode D5
is forward biased. Responsive to the increase in voltage
across secondary winding 860, voltage VS2 across second-
ary winding 880 also rises, as illustrated. However, NFETs
SL.1 and SL.2 are open and the increased voltage does not
impact LED luminaires [.1, L.2. Current IP continues to
decrease as power is fed to the load coupled to OUTI.

At time T6, current IP reaches zero and primary winding
850 is completely discharged. The drain voltage of NFET SP
begins to oscillate along the down slope and primary side
controller 810 is arranged to detect the drain voltage of
NFET SP, reflected to primary winding 1010 and divided by
voltage divider 1020, as known to those skilled in the art of
quasi-resonant switching. When the drain voltage of NFET
SP reaches a low valley peak, primary side controller 810 is
arranged to close NFET SP, with minimal voltage there-
across, thereby causing current IP to rise and voltage VS2 to
fall to a negative voltage, as described above. At time T7,
LED controller 805 is arranged to switch gate voltages VG1
and VG2 to a high state for presentation to NFET SL.1 and
NFET SL2, as described above in relation to time T2. Since
diode D6 is reversely biased by a negative voltage when
primary side NFET SP is closed, the closing (turn on) time
of NFETs SL.1 and SL.2 can be arranged at any point
between T1 and T2, or T6 and T7, without affecting the
circuit operation. At time T8, primary side controller 810 is
arranged to open NFET SP, as described above in relation to
time T3. Advantageously, LED luminaire driving circuit
1000 allows regulation of the voltage at output OUT1
without affecting the operation of LED luminaires L1, L.2.
Additionally, NFETs SL1 and SL.2 are each closed when
substantially zero voltage is presented thereacross.

FIGS. 9A-9B illustrate a high level flow chart of a first
LED luminaire driving method, according to certain
embodiments. In stage 1100, a bridge circuit is switched so
as to produce a first output power signal, associated with a
first of a plurality of secondary windings of a transformer.
Each of the plurality of secondary windings of the trans-
former is magnetically coupled to the primary winding of
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the transformer. The primary winding of the transformer is
coupled in series to a primary side capacitor.

In stage 1110, the frequency of the bridge circuit switch-
ing of stage 1100 is controlled so as to maintain the first
output power signal at a predetermined level, by reducing
the switching frequency responsive to a falling first output
power signal and increasing the switching frequency respon-
sive to a rising first output power signal.

In stage 1120, responsive to the switching frequency
increase of stage 1110, the impedance presented to a second
of the plurality of secondary windings of stage 1100 is
decreased. Particularly, a secondary side resonant circuit is
coupled in series between the second secondary winding and
a second output. The secondary side resonant circuit com-
prises the leakage inductance of the second secondary
winding and a secondary side capacitance element. The
impedance decrease is responsive to the leakage inductance
and the capacitance of the secondary side capacitance of the
resonant circuit. Optionally, the resonant frequency of the
secondary side resonant circuit is greater than a maximum
switching frequency of the bridge circuit of stage 1100.
Particularly, the switching frequency of the bridge circuit is
controlled by a resonant mode controller exhibiting a mini-
mum resonant frequency and a maximum resonant fre-
quency greater than the minimum resonant frequency. The
resonant frequency of the secondary side resonant circuit is
arranged to be greater than the maximum resonant frequency
of the resonant mode controller. In stage 1130, responsive to
the switching frequency decrease of stage 1110, the imped-
ance of the second output is increased. Particularly, the
impedance increase is responsive to the leakage inductance
and the capacitance of the secondary side capacitance ele-
ment of the resonant circuit of stage 1120.

In stage 1140, a first LED luminaire is enabled to provide
a first illumination responsive to a second power signal on
the second output of stage 1120. Particularly, the first LED
luminaire is enabled by providing a current path there-
through. In stage 1150, the provided first illumination of
stage 1140 is regulated. In one embodiment, the provided
first illumination is regulated by pulse width modulation
driving of an electronically controlled switch, as described
below. In another embodiment, the provided first illumina-
tion of stage 1140 is regulated by adjusting the resistance of
the current path of the first LED luminaire, such as by
increasing the resistance of a transistor coupled in series
with the first LED luminaire.

In optional stage 1160, the first LED luminaire of stage
1140 is alternately enabled to provide a first illumination and
disabled so as not provide the first illumination. The regu-
lation of stage 1150 comprises the alternate enabling and
disabling of the first LED luminaire. In optional stage 1700,
the alternate enabling and disabling of the first LED lumi-
naire of optional stage 1160 is synchronized with the bridge
circuit switching of stage 1100. Optionally, the alternate
enabling and disabling of the first LED luminaire is respon-
sive to an alternate opening and closing of a first electroni-
cally controlled switch, one of the opening and closing of the
first electronically controlled switch being when the voltage
across the primary winding of the transformer of stage 1100
is substantially zero. In one embodiment, the electronically
controlled switch is in series with the first LED luminaire,
the LED luminaire enabled responsive to a closed state of
the electronically controlled switch and disabled responsive
to an open state of the electronically controlled switch. In
another embodiment, the electronically controlled switch is
in parallel with the first LED luminaire, the LED luminaire
enabled responsive to an open state of the electronically
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controlled switch and disabled responsive to a closed state of
the electronically controlled switch.

In optional stage 1180, the second power signal of stage
1140 exhibits an active portion which provides sufficient
voltage to provide the first illumination and an inactive
portion which does not provide sufficient voltage to provide
the first illumination. Optionally, the inactive portion is a
zero voltage portion. The synchronization of optional stage
1170 comprises leading edge modulation such that the
non-enabled state of the first illumination of the first LED
luminaire is in synchronization with the second output
power signal inactive portion. In the embodiment where the
non-enabled state of the first illumination is responsive to
the first electronically controlled switch of optional stage
1170, the first electronically controlled switch is switched
during the second power output power signal inactive por-
tion. Advantageously, as described above, the inactive por-
tion is optionally a zero voltage portion and the first elec-
tronically controlled switch is switched when substantially
zero voltage is presented thereacross thereby reducing
switching losses.

In optional stage 1190, the synchronization of optional
stage 1170 comprises falling edge modulation such that the
enabling of the first illumination of the first LED luminaire
is in synchronization with the second output power signal
inactive portion of optional stage 1180. Particularly, the
enabling of the first illumination of the first LED luminaire
is during the second output power signal inactive portion
and synchronized with the beginning of the second output
power signal active portion. In the embodiment where the
enabling of the first illumination is responsive to the first
electronically controlled switch of optional stage 1170, the
first electronically controlled switch is switched during the
second power output power signal inactive portion. Advan-
tageously, as described above, the inactive portion is option-
ally a zero voltage portion and the first electronically con-
trolled switch is switched when substantially zero voltage is
presented thereacross.

In optional stage 1200, a second LED luminaire coupled
in parallel to the first LED luminaire of stage 1140 and is
alternately enabled to provide a second illumination and
disabled so as not to provide the second illumination. The
second illumination is enabled responsive to the second
power signal of stage 1120. In optional stage 1210, the
synchronization of optional stage 1170 comprises leading
edge modulation such that the disabling of the first illumi-
nation of the first LED luminaire is in synchronization with
the second output power signal inactive portion of optional
stage 1180, as described above in relation to optional stage
1190. Additionally, the alternate enabling and disabling of
the second LED luminaire of optional stage 1200 comprises
falling edge modulation synchronized with the switching of
the bridge circuit of stage 1100 such that enabling of the
second illumination is in synchronization with the second
output power signal inactive portion. Particularly, the
enabling of the second illumination is during the second
output power signal inactive portion and synchronized with
the beginning of the second output power signal active
portion. Optionally, the enabling of the second LED lumi-
naire is responsive to a second electronically controlled
switch, the electronically controlled switch being switched
during the second power signal inactive portion.

In optional stage 1220, one of a plurality of LED lumi-
naires is identified as the first LED luminaire of optional
stage 1160 to be controlled with leading edge modulation, as
described in optional stage 1210, and another of the plurality
of LED luminaires is identified as the second LED luminaire
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of optional stage 1200 to be controlled with falling edge
modulation, as described in optional stage 1210. The iden-
tification is responsive to an electrical characteristic of each
of the first and second LED luminaires. Optionally, the
electrical characteristic is the operating voltage of each of
the first and second LED luminaires.

FIGS. 10A-10B illustrate a high level flow chart of a
second LED luminaire driving method, according to certain
embodiments. In stage 1300, a primary side electronically
controlled switch is switched so as to produce a first output
power signal associated with a first of a plurality of second-
ary windings of a transformer, each of the plurality of
secondary windings of the transformer magnetically coupled
to a primary winding of the transformer. The first power
signal is produced at a first output. In stage 1305, the duty
cycle of the primary side electronically controlled switch is
arranged to maintain the first output power signal at a
predetermined level. Particularly, the duty cycle of the
primary side electronically controlled switch is increased
responsive to a fall in the first output power signal and the
duty cycle is decreased responsive to a rise in the first output
power signal.

In stage 1310, a first secondary electronically controlled
switch is alternately opened and closed. In stage 1320,
responsive to a closed state of the first secondary electroni-
cally controlled switch of stage 1310, and further responsive
to a second power signal on a second output associated with
a second of the plurality of secondary windings of stage
1300, a first LED luminaire is enabled to provide a first
illumination. Optionally, the second output power signal
exhibits an active portion which provides sufficient voltage
to provide the first illumination and an inactive portion
which does not provide sufficient voltage to provide the first
illumination. Further optionally, the inactive portion is a
zero voltage portion.

In stage 1330, responsive to an open state of the first
secondary electronically controlled switch of stage 1310, the
first LED luminaire is disabled so as not to provide the first
illumination of stage 1320.

In stage 1340, the turns ratio of the first secondary
winding of stage 1300 and the second secondary winding of
stage 1320 is such that power is delivered to the first output
of stage 1300 only when the first illumination of stage 1320
is not enabled. As described above, optionally a unidirec-
tional electronic valve is arranged between the first second-
ary winding and the first output. As a result, when the first
illumination is enabled, the voltage at the first secondary
winding is less than the voltage at the first output and the
unidirectional electronic valve does not conduct.

In optional stage 1350, the alternate enabling and dis-
abling of the first illumination of stages 1320-1330 is
synchronized with one of falling edge modulation and
leading edge modulation such that the switching of the first
secondary electronically controlled switch to one of the open
and closed states is in synchronization with the optional
second output power signal inactive portion of stage 1320,
i.e. the first secondary electronically controlled switch is
switched during the second output power signal inactive
portion. Advantageously, as described above, the inactive
portion is optionally a zero voltage portion and the first
secondary electronically controlled switch is switched when
substantially zero voltage is presented thereacross, thereby
reducing switching losses.

In optional stage 1360, a second secondary electronically
controlled switch is alternately opened and closed. In
optional stage 1370, responsive to a closed state of the
second secondary electronically controlled switch of
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optional stage 1360, and further responsive to the second
power signal of stage 1320, a second LED luminaire is
enabled to provide a second illumination. The second LED
luminaire is coupled in parallel to the first LED luminaire of
stage 1320. In optional stage 1380, responsive to an open
state of the second secondary electronically controlled
switch of optional stage 1360, the second LED luminaire is
disabled so as not to provide the second illumination of
optional stage 1370.

In optional stage 1390, the alternate enabling and dis-
abling of the second illumination of optional stages 1370-
1380 is synchronized with one of falling edge modulation
and leading edge modulation such that the switching of the
second secondary electronically controlled switch to one of
the open and closed states is in synchronization with the
optional second output power signal inactive portion of
stage 1320, i.e. the second secondary electronically con-
trolled switch is switched during the second output power
signal inactive portion. Advantageously, as described above
the inactive portion is optionally a zero voltage portion and
the second secondary electronically controlled switch is
switched when substantially zero voltage is presented the-
reacross, thereby reducing switching losses.

In optional stage 1400, the turns ratio of the first second-
ary winding of stage 1300 and the second secondary wind-
ing of stage 1320 is such that power is delivered to the first
output of stage 1300 only when neither of the first illumi-
nation of stage 1320 and the second illumination of optional
stage 1370 are enabled. As described above, optionally a
unidirectional electronic valve is arranged between the first
secondary winding and the first output. As a result, when
either of the first illumination and the second illumination
are enabled, the voltage at the first secondary winding is less
than the voltage the first output and the unidirectional
electronic valve does not conduct.

It is appreciated that certain features of the invention,
which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the
invention which are, for brevity, described in the context of
a single embodiment, may also be provided separately or in
any suitable sub-combination.

Unless otherwise defined, all technical and scientific
terms used herein have the same meanings as are commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although methods similar or equivalent
to those described herein can be used in the practice or
testing of the present invention, suitable methods are
described herein.

All publications, patent applications, patents, and other
references mentioned herein are incorporated by reference in
their entirety. In case of conflict, the patent specification,
including definitions, will prevail. In addition, the materials,
methods, and examples are illustrative only and not intended
to be limiting.

It will be appreciated by persons skilled in the art that the
present invention is not limited to what has been particularly
shown and described herein above. Rather the scope of the
present invention is defined by the appended claims and
includes both combinations and sub-combinations of the
various features described hereinabove as well as variations
and modifications thereof which would occur to persons
skilled in the art upon reading the foregoing description and
which are not in the prior art.

The invention claimed is:

1. A circuit for driving at least one light emitting diode
(LED) luminaire, said circuit comprising:
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a resonant mode controller;

a converter comprising a transformer having a primary
winding and a plurality of secondary windings each
magnetically coupled to said primary winding, a bridge
circuit arranged to switch responsive to said resonant
mode controller, and a primary side capacitance ele-
ment in electrical communication with said primary
winding;

a first output associated with a first of said plurality of
secondary windings, said resonant mode controller
arranged to adjust the switching frequency of said
bridge circuit so as to maintain said first output at a
predetermined level;

a second output associated with a second of said plurality
of secondary windings;

a secondary side capacitance element arranged in series
between said second of said plurality of secondary
windings and said second output;

an LED controller;

a first LED luminaire arranged to provide a first illumi-
nation responsive to a power signal on said second
output; and

a first current regulator arranged to regulate current flow-
ing through said first LED luminaire responsive to said
LED controller,

wherein the second of said plurality of secondary wind-
ings exhibits a leakage inductance, and wherein the
combination of the leakage inductance and capacitance
of the secondary side capacitance element forms a
resonant circuit with a resonance greater than a maxi-
mum switching frequency of said bridge circuit.

2. The circuit according to claim 1, wherein said first
current regulator comprises a first electronically controlled
switch arranged to be alternately in a closed state and an
open state responsive to said LED controller, said first LED
luminaire arranged to provide the first illumination when
said first electronically controlled switch is in a first of said
closed and open states and not provide the first illumination
when said first electronically controlled switch is in a second
of said closed and open states, and

wherein said LED controller is arranged to alternately set
said first electronically controlled switch in said first
state and said second state in synchronization with said
switching of said bridge circuit.

3. The circuit according to claim 2, wherein said second
output power signal exhibits an active portion which pro-
vides sufficient voltage to provide the first illumination and
an inactive portion which does not provide sufficient voltage
to provide the first illumination, and wherein said LED
controller is arranged to synchronize said alternate opening
and closing of said first electronically controlled switch with
leading edge modulation such that said first electronically
controlled switch is switched to the second of said closed
and open states, from the first of said open and closed states,
from the first of said closed and open states, in synchroni-
zation with said second output power signal inactive portion.

4. The circuit according to claim 2, wherein said second
output power signal exhibits an active portion which pro-
vides sufficient voltage to provide the first illumination and
an inactive portion which does not provide sufficient voltage
to provide the first illumination, and wherein said LED
controller is arranged to synchronize said alternate opening
and closing of said first electronically controlled switch with
falling edge modulation such that said first electronically
controlled switch is switched to the first of said closed and
open states, from the second of said closed and open states,
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during said second output power signal inactive portion in
synchronization with the beginning of said second output
power signal active portion.

5. The circuit according to claim 2, further comprising:

a second current regulator, said second current regulator

comprising a second electronically controlled switch
arranged to be alternately in a closed state and an open
state responsive to said LED controller; and

a second LED luminaire coupled in parallel with said first

LED luminaire, said second LED luminaire arranged in
cooperation with said second electronically controlled
switch to provide a second illumination therefrom
responsive to the power signal from said second output
when said second electronically controlled switch is in
a first of'said closed and open states and not provide the
second illumination when said second electronically
controlled switch is in a second of said closed and open
states,

wherein said second output power signal exhibits an

active portion which provides sufficient voltage to
provide the second illumination and an inactive portion
which does not provide sufficient voltage to provide the
second illumination,

wherein said LED controller is arranged to synchronize

said alternate closing and opening of said first elec-
tronically controlled switch with leading edge modu-
lation such that said first electronically controlled
switch is switched to the second of said closed and open
states, from the first of said closed and open states, in
synchronization with said second output power signal
inactive portion, and

wherein said LED controller is arranged to synchronize

said alternate opening and closing of said second
electronically controlled switch with falling edge
modulation such that said second electronically con-
trolled switch is switched to the first of said closed and
open states, from the second of said closed and open
states, during said second output power signal inactive
portion in synchronization with the beginning of said
second output power signal active portion.

6. The circuit of claim 5, wherein said LED controller is
arranged to identify which of a plurality of LED luminaires
responsive thereto is the first LED luminaire, to be con-
trolled with leading edge modulation, and which is the
second LED luminaire, to be controlled with falling edge
modulation, responsive to an electrical characteristic of each
of said first and second LED luminaires.

7. A method of driving at least one light emitting diode
(LED) luminaire, said method comprising:

switching a bridge circuit so as to produce a first output

power signal, associated with a first of a plurality of
secondary windings of a transformer, each of the plu-
rality of secondary windings of the transformer mag-
netically coupled to a primary winding of the trans-
former, the primary winding of the transformer coupled
to a primary side capacitance element;

controlling the frequency of the bridge circuit switching

so as to maintain the first output power signal at a
predetermined level, by reducing the switching fre-
quency responsive to a falling first output power signal
and increasing the switching frequency responsive to a
rising first output power signal;

responsive to said increasing of the switching frequency,

a leakage inductance of a second of the plurality of
secondary windings, and the capacitance of a second-
ary side capacitance element arranged in series between
a second output and the second of the plurality of
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secondary windings, decreasing an impedance pre-
sented to the second of the plurality of secondary
windings;

responsive to said decreasing of the switching frequency,

the leakage inductance of the second of the plurality of
secondary windings, and the capacitance of the sec-
ondary side capacitance element, increasing the imped-
ance presented to the second of the plurality of sec-
ondary windings;

enabling a first LED luminaire to provide a first illumi-

nation responsive to a second power signal on the
second output; and

regulating said provided first illumination.

8. The method according to claim 7, wherein said fre-
quency controlling is between a predetermined minimum
resonant frequency of a resonant mode controller and a
predetermined maximum resonant frequency of the resonant
mode controller, and

wherein the secondary side capacitance element and the

leakage inductance of the second of the plurality of
secondary windings form a secondary side resonant
circuit exhibiting a resonant frequency greater than the
predetermined maximum resonant frequency of the
resonant mode controller.

9. The method according to claim 7, wherein said regu-
lating said provided first illumination comprises alternately
enabling the first LED luminaire to provide the first illumi-
nation and disabling the first LED luminaire so as not to
provide the first illumination, the method further comprising
synchronizing said alternate enabling and disabling of the
first LED luminaire with said switching of said bridge
circuit.

10. The method according to claim 9, wherein the second
output power signal exhibits an active portion which pro-
vides sufficient voltage to provide the first illumination and
an inactive portion which does not provide sufficient voltage
to provide the first illumination, and

wherein said synchronizing comprises leading edge

modulation such that said disabling of the first illumi-
nation is in synchronization with the second output
power signal inactive portion.
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11. The method according to claim 9, wherein the second
output power signal exhibits an active portion which pro-
vides sufficient voltage to provide the first illumination and
an inactive portion which does not provide sufficient voltage
to provide the first illumination, and

wherein said synchronizing comprises falling edge modu-

lation such that said enabling of the first illumination is
during the second output power signal inactive portion
in synchronization with the beginning of the second
output power signal active portion.

12. The method according to claim 9, further comprising
alternately enabling a second LED luminaire, coupled in
parallel with the first LED luminaire, to provide a second
illumination from the second power signal and disabling the
second LED luminaire so as not to provide the second
illumination,

wherein the second output power signal exhibits an active

portion which provides sufficient voltage to provide
one of the first and the second illumination and an
inactive portion which does not provide sufficient volt-
age to provide any of the first and the second illumi-
nation,

wherein said synchronizing of the first LED luminaire

comprises leading edge modulation such that said dis-
abling of the first illumination is in synchronization
with the second output power signal inactive portion,
and

wherein said alternate enabling and disabling of the

second LED luminaire comprises falling edge modu-
lation synchronized with said switching of the bridge
circuit such that said enabling of the second illumina-
tion is during the second output power signal inactive
portion in synchronization with the beginning of the
second output power signal active portion.

13. The method of claim 12, further comprising identi-
fying which of a plurality of LED luminaires responsive
thereto is the first LED luminaire, to be controlled with
leading edge modulation, and which is the second LED
luminaire, to be controlled with falling edge modulation,
responsive to an electrical characteristic of each of said first
and second LED luminaires.
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